Laser ablation of solid samples is becoming increasingly important as a method for sample introduction in atomic spectrometry. Numerous publications detailing laser ablation sampling and introduction of the ablated sample into the inductively coupled plasma (ICP) for atomic emission and mass spectrometric analyses have appeared. [1] [2] [3] [4] [5] [6] [7] [8] The advantages of laser ablation sampling include direct analysis of the sample with little or no preparation and applicability to a wide variety of matrices. The precision of the laser ablation process, however, is poor compared to solution nebulization sample introduction. Variations in laser output power and power density at the sample surface, light scattering from aerosol particles in the ablation cell, and variations in aerosol transport out of the cell and through the transfer tubing to the ICP torch result in variations in the amount of sample introduced into the ICP. Laser ablation determinations frequently utilize the analytical signal from a matrix component present in the sample as an internal standard to correct for these variations and improve the precision of the analysis. Quantitative analysis using this approach requires that the concentration of the internal standard is constant or known and that a suitable set of calibration standards are available. For the analysis of unknown samples this is generally not the case, so alternative methods of normalization for laser ablation sampling have been developed. Acoustic-wave normalization, monitoring the amplitude of the sound waves generated in the cell by the ablation process, has been demonstrated. 5 The attenuation of a light source such as a helium-neon laser due to light scattering by the ablated aerosol has also been utilized as a means of normalization for laser sampling.6 These techniques do provide an improvement in precision, but they have some limitations. The intensity of the acoustic wave varies for samples of differing matrices and differing surface conditions. Therefore, acoustic-wave normalization is not an absolute measurement, nor is it necessarily relative for a heterogeneous material. The acoustic wave is an "ablation cell event" and does not provide any information on material transport out of the cell and through the transfer tubing; that is, the concentration of the aerosol transferred to the ICP is not determined. Light scattering or attenuation techniques determine an aerosol concentration that is dependent not only on the amount of sample ablated but also on the size distribution, density, shape, and index of refraction of the particles. Themeasured responseof light scattering techniques is therefore strongly sample-matrix dependent.
Conventional solution nebulization has also been investigated as a means of normalizing LA-ICPAES signals. Tandem solution nebulization-laser ablation sample introduction systems have been used to study the laser ablation process, investigating matrix effects that occur under varying laser sampling condition^.^-^ Relative response factors for solution nebulization and laser ablation of a number of samples having known concentrations of the analyte and a matrix element (or internal standard) are determined. The response factors are subsequently used to calculate analyte concentrations for laser ablation analysis of unknowns. For quantitative determinations, this method requires the analysis of a number of standard samples and also requires a knowledge of the concentration of the matrix element in the unknown sample.*OJ1
In the present study, a new method for normalization and quantitation in laser ablation sampling is described. The developed method combines the techniques of aerosol mass measurement and solution standard additions. An aerosol mass monitor that has been designed for and utilized in measuring respirable particulate concentrations in air for industrial hygiene applications is incorporated into the system. The instrument consists of a piezoelectric microbalance mass sensor with an electrostatic precipitator to deposit aerosol particles onto the ~e n s o r .~~J~ For this application, a portion of the laser-ablated sample aerosol is diverted to the piezobalance to measure variations in the amount of sample ablated and transported to the ICP. The mass concentration of the aerosol is measured, rather than a property of the aerosol (such as number density) that is related to its mass, so that the analytical signal can be normalized for the amount of sample introduced into the ICP. During the laser ablation sampling process, the desolvated aerosol obtained from ultrasonic nebulization of solution standards is added to the laser-ablation aerosol to generate a standard addition curve for the analyte being determined. The standard addition procedure corrects for potential plasma-related matrix effects in the ICP emission signal resulting from the laser-ablated sample. The standard addition analyte is affected in the same manner as the laser-ablated analyte in the plasma, so that the response is insensitive to the sample matrix. The goal of this investigation was to develop a quantitation method for laser ablation sampling that enables analysis of many similar-matrix samples using only one standard sample for calibration, without the need for an internal standard in the samples.
EXPERIMENTAL SECTION
A block diagram of the instrumental setup is shown in Figure 1 . The operating conditions are summarized in Table  1 .
Laser Ablation System. A Quantel YG48 1 frequencydoubled, Q-switched Nd:YAG laser, operating at a repetition rateof 5 Hz and a pulse energy of 7.5 mJ, was used for ablation of the powdered glass samples. Ablation at a laser energy of 70 mJ/pulse resulted in higher ICPAES signal intensities but had no discernible effect on the relative line intensities, so 7.5 mJ/pulse was used throughout the remainder of the experiments. The laser radiation was focused by a 25-mm-diameter, 1 00-mm-focal-length lens to a spot size of approximately 100 pm at the surface of the sample. The samples were contained in 3-cm-diameter, 3-mm-deep aluminum sample containers at the bottom of a double-walled glass ablation cell. The samples were loosely packed, not pelleted, in the containers. The ablation cell was similar to that described by Arrowsmith8 but had an integral brass base and a larger internal volume.
Argon gas flowing at a rate of 0.4 L/min swept the ablated particulates out of the cell, through 3/ 1641-1. i.d. polyethylene tubing that was approximately 20 m in length, to the ICP torch. Manual translation of the ablation cell and sample through the fixed-position focused laser spot during laser ablation sampling resulted in nearly steady-state ICPAES signals for the 6.5-min time period required for data acquisition. A surface area of approximately 0.2 cm2 (within the 7-cm2 area of the sample container) was sampled by the laser during the analysis. Ultrasonic Nebulizer. A CETAC Technologies U-5000 AT ultrasonic nebulizer was used for introduction of the standard addition solutions. The solutions were prepared by serial dilution of 1000 ppm stocksolutions obtained from HighPurity Standards. A Gilson Minipuls 2 peristaltic pump delivered 1.9 mL/min of solution to the nebulizer. The argon gas flow rate through the nebulizer was 0.4 L/min; the nebulizer output was connected to the laser ablation transfer tubing just prior to the ICP torch, using a glass "Y". During the laser ablation sampling process, an acid blank and five solutions of increasing analyte concentration were nebulized in succession to generate the standard addition curve for the element being determined. The analyte solution concentrations were prepared so that the standard additions spanned a range of about 0.2-10 times the signal intensity of the laser ablation plus acid blank ICPAES spectrum for the analyte being determined.
Aerosol Mass Monitor. A TSI Inc. Model 85 10 respirable aerosol mass monitor was used to measure variations in the amount of sample ablated and transferred to the ICP torch. The instrument consists of a piezoelectric microbalance mass sensor with an electrostatic precipitator to deposit aerosol particles onto the sensor. Air is drawn into the instrument at a rate of 1 L/min by an integral pump, to maintain a constant flow. The piezobalance is designed to measure aerosol concentrations from 0.01 to 10 mg/m3 for particles ranging in size from 0.01 to 10 pm in diameter. The upper limit on the particle size is determined by a calibrated impactor that removes large particles prior to the piezoelectric measuring device. The impactor used in these experiments is designed to precipitate 50% of particles that are 3.5 pm in diameter.13J4 Particles that are not trapped on the impactor pass through to the electrostatic precipitator and are deposited onto the sensing piezoelectric crystal. The change in the resonant frequency that occurs as mass is deposited on the crystal is measured and converted to a concentration in mg/m3.I3J4 Approximately 5% of the argon gas flow and ablated aerosol were diverted to the piezobalance through a 7.5-cm length of 0.53-mm i.d. capillary tubing positioned in a tee in the laser ablation transfer tubing just prior to the ICP torch. The remainder of the aerosol was introduced into the ICP for optical emission analysis (ICPAES). A schematic diagram of the aerosol flow paths is shown in Figure 2 . A 24-s piezobalance mass measurement time was used to determine the aerosol concentration during the initial stage of the laser sampling process. The measured concentrations ranged from about 0.10 to 0.75 mg/m3. Higher concentrations were avoided to prevent overloading of the sensing crystal of the pie~oba1ance.l~ The crystal was cleaned after each measurement, using the cleaning sponges of the piezobalance. The cleaning process required 2 min. The amount of material diverted to the piezobalance can be varied by changing the length diameter of the capillary tubing.
ICP, Spectrometers, and Detection System. An R F Plasma Products ICP-16L generator and torchbox were operated at 1.1 kW and argon gas flow rates of 15, 0.4, and 0.8 L/min, respectively, for the plasma, auxiliary, and sample gases. Two spectrometers were utilized for data acquisition. A 0.5-mfocal-length spectrometer (Acton Research Model VM-505) equipped with a 3600 g/mm grating was used for the 200-400-nm region. A 0.275-m-focal-length spectrometer (Spec- traPro-275, Acton Research) equipped with a 1200 g/mm grating was used for the 400-800-nm region. The elements and emission lines used for analysis of the glass samples are listed in Table 2 . Spectral regions were chosen so that data for at least two analyte emission lines were acquired simultaneously by the photodiode array detector. Optical emission from the ICP torch was imaged at the entrance slit of the 0.5-m spectrometer by a 50-mm-diameter lens cf/7) at 1:l magnification. A 5-m fiber optic consisting of 61 100-pmdiameter fibers in a 1.1-mm-diameter round-to-round bundle (C Technologies) coupled the ICP emission to the 0.275-m spectrometer. A 25-mm-diameter, 25-mm-focal-length lens (f/2) focused the ICP emission onto the input face of the fiber bundle; the output from the fiber bundle was re-imaged at the entrance slit of the spectrometer by a 25-mm-diameter, 38-mm-focal-length lens cf/4), with a resulting magnification of about 3 for the fiber bundle output face. 
RESULTS AND DISCUSSION
Three powdered glass samples were received from the Battelle Materials Characterization Center for analysis as part of the Nuclear Waste Analytical Round Robin 7 study. The nominal chemical composition (expressed for each element in terms of percent oxide, by weight) for one sample, the analytical reference glass (ARG-1 ), was provided; the other two samples were analyzed as unknowns (Unk-1 and Unk-2). A powdered glass sample from a previous Round Robin (RR-4) was included in the analysis protocol as a check sample. The samples were analyzed as received, without any sample preparation prior to analysis.
The aerosol mass measurement and solution standard addition LA-ICPAES technique requires a sample of known concentration for the element that is to be determined. The piezobalance was not calibrated to measure absolute mass concentrations, and the percentage of the ablated sample aerosol that was diverted to the piezobalance was not precisely known. Therefore, ARG-1 was used to calibrate the response of the piezobalance. The data acquisition procedure for each standard addition determination is depicted in Figure 3 . Laser ablation sampling was performed for 6.5 min. The first 90 s were required to transport the ablated aerosol through the transfer tubing to the ICP torch; during this period the acid blank (SO) was nebulized. After 90 s, the laser-ablated aerosol concentration was measured with the piezobalance while the first ICPAES spectrum was simultaneously acquired. A 24-s mass measurement time was used, and the ICPAES signal was integrated for 24 s with the photodiode array. The solution introduced into the ultrasonic nebulizer was switched to the first of the analyte standard addition solutions (SI). One minute was required for the nebulized aerosol to reach the ICP torch and for the analyte signal intensity to stabilize. The second ICPAES spectrum was acquired at that time. The remaining solutions (S2 -Ss) were introduced in succession, and the ICPAES spectra for these standard additions were acquired at 1-min intervals. Therefore, the data for each standard addition determination consisted of a measured aerosol concentration and six ICPAES spectra. An example of the spectra acquired during the laser ablation solution standard addition procedure is shown in Figure 4 , for the determination of manganese in Unk-1. Three of the six spectra acquired are superimposed in Figure 4 : the laser ablation plus acid blank spectrum (LA + SO) and two of the Mn standard addition spectra, LA + S3 and LA + Sg. The iron lines in the spectra result from laser ablation of Fe in Unk-1, so the Fe intensities are fairly constant for all three spectra. The Mn intensity increases from the first spectrum (laser sampling of Mn in Unk-1) to the third, as the Mn standard addition concentration increases. For clarity, only a 2-nm region of the 10-nm window of the photodiode array for these ICPAES spectra is displayed in Figure 4 . A standard addition curve for the determination of Mn in Unk-1 was generated using the information presented in Table  3 . The measured ICPAES intensities for the analyte line, Mn, and for a matrix line, silicon in this case, were used to generate the curve. The Si intensities were used to normalize the measured Mn intensities to correct for variations in the amount of laser-ablated aerosol reaching the ICP torch during the standard addition procedure, using the expression where 1i(n) = normalized analyte intensity, plotted in the standard addition curve, Zi(x) = intensity measured for the analyte line (e.g., Mn), Zi(m) = intensity measured for the matrix line (e.g., Si), and ZO = intensities from the laser ablation plus acid blank spectrum, for i = 1-5. This normalization corrects for variations in laser ablation efficiency that occur between standard additions for a single sample. This differs from internal standardization in that no attempt is made to use the matrix intensity for normalization between different samples. Therefore, no prior knowledge of the concentration of the matrix component in the standard or samples is required. The analyte intensity for each ICPAES spectrum is weighted by the matrix-line intensity to yield a normalized analyte intensity that is independent of changes in the amount of laserablated sample introduced while the individual spectra were acquired. The analyte-and matrix-line intensities for the standard addition spectra (LA + S1 through LA + S S ) are normalized relative to those for the laser ablation plus acid blank spectrum (LA + SO). This normalization procedure assumes that the analyte/matrix intensity ratio is constant for a given sample and requires that a similar composition is sampled by the laser during the time each of the six spectra is acquired. For the determination of Mn in Unk-1 (Table  3) , the normalized Mn intensities are plotted versus the Mn standard addition concentrations, and the x-intercept of the standard addition curve is determined by linear regression. The x-intercept (Ix = 3.63 ppm) divided by the measured aerosol concentration (ac = 0.16 mg/m3) is proportional to the concentration of Mn in Unk-1. The proportionality constant was determined from the analysis of the standard sample, ARG-1. Three consecutive standard addition determinations for ARG-l were performed to determine an averageZJac for Mn in ARG-1. The concentration of MnO2 in ARG-1 (2.31%) divided by theaverageZx/ac(34.2) yielded a calibration constant (0.0675) that was used to calculate the concentration of Mn02 in the samples analyzed. For the determination of Mn in Unk-1, ZJac (3.63/0.16 = 22.7) multiplied by the ARG-1 calibration constant (0.0675) yielded a concentration of 1.53% Mn02. The concentrations of Mn02 for the other two determinations for Unk-1 and those for Unk-2 and RR-4 were calculated in a similar manner.
Triplicate standard addition calibrations for ARG-1, to calibrate the response of the piezobalance, and triplicate analyses for Unk-1, Unk-2, and RR-4 for each analyte element were performed over a time period of about 2 h. Each of the 16 analyte elements was determined in a separate calibration and analysis set. The analytical line used for each element is listed in Table 2 , along with the line used for matrix-line normalization of the measured analyte-line intensities. For LA-ICPAES analysis of samples such as glasses and soils that have complex matrices, any of a number of matrix lines can typically be used, assuming that a diode array or simultaneous spectrometer is used for detection of the ICP emission. The chosen matrix line must not be subject to spectral interference from the standard addition analyte.
The piezobalance used in these experiments has an impactor that traps large particles. The specific impactor is designed to precipitate 50% of particles that are 3.5 pm in diameter and a greater fraction of particles that are larger than 3.5 pm. The impactor's cutoff range is not perfect; some particles larger than 3.5 pm pass through, while some smaller particles are dep0~ited.l~ A consideration of the size of the particles to be measured is therefore necessary. Laser-ablated particle size distributions and transport efficiencies have been investigated by a number of g r o~p s .~J~-'~ Particles that are larger than approximately 10 pm are subject to gravitational deposition in the ablation cell and the transfer tubing and are not expected to reach the ICP torch. The majority of particles that reach the ICP torch are 1 pm or smaller. However, some particles in the range of 1-10 pm may be transported to the ICP. The particle size distribution is dependent on a number of experimental variables such as laser power density and wavelength, ablation cell and transfer tubing, and gas flow velocity. The relatively large ablation cell (70 cm3 internal volume), long transfer tubing (20 m), and low argon gas flow rate (0.4 L/min) used in these experiments tend to minimize the number of large particles that are transported. The exact particle sizedistribution of the laser-ablated aerosol introduced into the ICP torch and the piezobalance has not been determined, but an examination of particles collected on filter paper at the end of the transfer tubing indicates the presence of very few particles in the 5-pm range. The vast majority of the particles are 1 pm or smaller. Very little material was observed to accumulate on the impactor over the course of this study. A variety of impactors having cutoff ranges from 0.5 to 10 pm can be used with this piezobalance and can be used to measure particle size distributions.18 However, only the standard 3.5-pm impactor was used for these experiments. For different laser ablation systems and analysis of different samples, the selection of a specific impactor may be a more critical factor. Accurate normalization using the piezobalance requires that the particle size distributions for the standard sample and the unknowns analyzed do not vary to such an extent that the cutoff range of the impactor selectively affects the aerosol concentration measurements.
The results for the analyses of the glass samples using the aerosol mass measurement and solution standard addition LA-ICPAES technique are given in Table 4 . Since ARG-1 was used only for calibration of the piezobalance, the tabulated weight percent (wt 7%) is thenominalvalue; the percent relative standard deviation (7% rsd) is the precision of the ARG-1 calibration constant determined (in triplicate) for each element. For the three samples, the average wt % and the % rsd for triplicate determinations are tabulated. In addition, the difference between the determined wt % and the nominal glass composition is tabulated as a percent error, relative to the nominal value. The nominal compositions for Unk-1 and Unk-2 were provided by the Battelle Materials Characterization Center after submission of the analysis results for these samples. The nominal values were determined by Corning Inc. using conventional methods of analy~is,'~ not laser ablation.
The precision for triplicate analyses of the glass samples is approximately 10%. The average % rsd for the 16 elements is 8.5% for ARG-1, 15.9% for Unk-1, 7.1% for Unk-2, and 6.1% for RR-4. The major source of uncertainty in the analysis is the piezobalance measurement of the aerosol mass concentration. A precision of 1-3% was typical for ICPAES line intensity ratios. The line intensity to aerosol concentration ratios (ZL/ac) were generally not as precise. In some instances the precision for IL/ac was as good as that for the intensity ratios; in others, the % rsd in ZL/ac for triplicate analyses was greater than 10%. The average % rsd for Unk-1 was larger than that for the other glass samples due, in part, to a lower ablation efficiency for Unk-1 . The laser-ablated aerosol concentrations measured for Unk-1 were a factor of about 2 lower than those for the other samples, which increased the uncertainty in the measurements for Unk-1 due to a limited number of digits displayed by the piezobalance. The accuracy of the determined weight percentages, relative to the nominal glass compositions, is approximately 10%. For those elements present at oxide concentrationsgreater than 0.5%, the average percent error in the determined values, relative to the nominal values, is 7.6% for Unk-1, 12.6% for Unk-2, and 14.7% for RR-4.
CONCLUSIONS
The use of aerosol mass measurement and solution standard addition techniques in conjunction with laser sampling is a viable approach for normalization and quantitation in laser ablation analysis. The accuracy and precision of the LA-ICPAES aerosol mass measurement and solution standard addition method are approximately 10% for triplicate analyses of powdered glass samples. These glass samples, although similar in matrix and physical form, are produced by different facilities and have different chemical compositions. The variation in concentration for the four samples ranges from approximately 15% for SiOz, to a factor of 2 for a number of constituents (e.g., CaO, MnOz, NazO), to more than an order of magnitude (e.g., K20, P205, Zr02). An added internal standard would generally be employed for analysis of these samples using the internal standardization technique, because of the difference in composition of the samples. However, the use of the aerosol mass measurement and solution standard addition technique enabled the direct analysis of the samples. The accuracy and precision of this technique are comparable to those obtained for acoustic-wave5 and lightmattering6 normalization methods for laser ablation sampling.
This technique has a number of advantages. One standard sample having a matrix similar to that of the samples to be analyzed is required for calibration of the piezobalance, rather than a number of matrix-matched standards having varying analyte concentrations. No knowledge of the concentration of a matrix element in the unknown samples is required. The aerosol mass measurement technique is superior to previous normalization techniques for laser ablation sampling in that the mass concentration of a portion of the sample introduced into the ICP torch is determined and used to normalize the measured analytical signals. The solution standard addition procedure eliminates potential matrix effects on analyte sensitivity in the ICP resulting from differences in the composition of the ablated sample introduced. Any nonlinearity in spectral response is easily detected in the standard addition curve; a different, less sensitive analyte line can be used, without the need for recalibration. The measurement of intensities for two analyte emission lines simultaneously, as done here, enables spectral interferences to be determined. If the standard addition curves for both analyte lines do not yield the same result, a possible spectral interference on one of the two lines can be assumed and investigated.
For this analysis, one element was determined at a time. However, the possibility of applying this technique to the determination of multiple elements using a simultaneous spectrometer and the appropriate multielement standard solutions certainly exists. This would require selection of analyte lines that have no mutual interferences, selection of a matrix line to account for variations in the amount of laserablated sample introduced during the analysis (matrix-line normalization of the measured analyte-line intensities), and incorporation of an on-line system to prepare the appropriate standard addition solution concentrations for the analytes being determined. From comparisons of consecutive calibration and analysis sets for this technique, it appears probable that a single calibration of the piezobalance and nebulizer for a given analyte line could be used to determine many elements, without recalibration of the system. This requires that the efficiency of the nebulizer is the same for various analyte elements and concentration ranges or that the relative efficiencies are known.
Although the LA-ICPAES analysis of glass samples has been reported in this paper, the application of this technique to mass spectrometric (LA-ICPMS) determinations and to the analysis of other samples such as soils and sediments is possible. Initial experiments using aerosol mass measurement and solution standard additions for normalization in LA-ICPAES were performed for the determination of aluminum, chromium, copper, iron, and manganese in Buffalo River Sediment (NIST2704), Estuarine Sediment (NIST1646), and River Sediment (NIST1645). NET2704 was used as the standard sample, and the other two samples were analyzed as unknowns. These experiments were preliminary in nature and performed for methods development purposes; therefore, the results have not been included here. However, theaccuracy of the determined values for these sediment samples was generally within 10-20% (relative) of the nominal values, and the precision for multiple determinations was in the 10% range. No attempt has been made to analyze samples that are dissimilar in matrix, for instance, using a glass sample as the standard sample to analyze soil unknowns. Whether the response of the piezobalance is uniform to laser-ablated particulates from matrices as widely varying as glasses and soils has not been determined.
Finally, for samples that have very similar compositions, the aerosol concentrations measured with the piezobalance could be used directly to normalize LA-ICPAES signals to correct for fluctuations in laser ablation efficiency. The analyte-line intensity (ZL) and aerosol concentration (ac) would be ratioed to those measured for a standard sample in order to determine the analyte concentration in the unknown. This would be similar to an internal standard determination, except that ZL would be ratioed to ac rather than to the measured matrix-line intensity (as is the case for internal standardization). Samples could be analyzed without an added internal standard, since no knowledge of the concentration of the internal standard or a matrix component in the sample would be required. However, for the analysis of samples that have widely varying matrices, the ZL/ac ratio would be subject to potential changes in sensitivity due to plasma-related matrix effects. If only the ILlac ratio was used, one would have to assume that the spectral response for the analyte line was linear with concentration, unless a number of standard samples of varying analyte concentration wereanalyzed. The standard addition procedure tests this assumption. The standard addition procedure also corrects for long-term drift in spectrometer sensitivity or alignment and in ICP operation. Therefore, for a number of reasons, the solution standard addition procedure improves the accuracy and reliability of laser ablation analyses.
